Xenografts of fetal porcine mesencephalic cells implanted into the rat striatum are generally rejected within several weeks. The fetal donor mesencephalon predominantly consists of neurons, but also contains microglial and endothelial cells, which are more immunogenic. In the present work, we investigated the occurrence of donor endothelial cells in grafts of porcine mesencephalic cells implanted into the rat striatum. Pig endothelial cells were monitored by immunochemical methods, using a monoclonal antibody (mAb) that recognizes a peptidic epitope of the porcine β1 integrin, and isolectin IB4, for the staining of the Galα1,3Gal epitope. The analysis also involved the detection of the pig hyaluronate receptor CD44, and the cell adhesion molecule CD31. The anti-β1 integrin mAb revealed endothelial-like cells in grafts of porcine mesencephalic cells as soon as 1 week after implantation. A similar staining pattern was obtained with the IB4 lectin. Unlike aortic endothelial cells, these pig brain-derived endothelial-like cells were not recognized by the anti-CD44 antibody. They also failed to express the CD31 adhesion molecule, a fact which suggests that they remained poorly mature, even in grafts maintained during 45 days in immunosuppressed rats. Interestingly, a strong expression of β1 integrin immunoreactivity was noticed in a large proportion (80%) of the cells freshly dissociated from the fetal pig mesencephalic tissue. The immunoreactivity decreased progressively after transplantation of the cells into the rat brain. This observation suggests that dissociated neuroblasts are capable of a temporary expression of β1 integrin. This molecule is known to participate in the process of cell sorting and migration in the developing brain. Hence, its expression could be the hallmark of a rescue mechanism triggered by the disruption of the cell/matrix interactions during the dissociation of the fetal mesencephalon. This disruption might account for part of the dramatic cell death process that occurs during the manipulation of the donor tissue.
INTRODUCTION
paminergic innervation of this structure. This slow but protracted reinnervation of the host striatum resulted in significant behavioral improvements (16, 22, 23) . Transplantation of human fetal neurons is an attractive restorative approach for the treatment of several However, a major concern raised by neural xenotransplantation is the immunogenicity of the grafted cells. neurodegenerative disorders such as Parkinson's and Huntington's diseases. However, the development of this The brain has a special immune status, which is largely ascribed to the blood-brain barrier, a scarce expression therapeutic strategy is restricted by the limited availability of human fetuses and the associated ethical concerns of major histocompatibility antigens (MHC) by neurons and macroglial cells, and a notorious anti-inflammatory regarding their use. Animal fetuses offer an alternative source of donor cells, and several studies have empha-potential [see reviews in (1, 40) ]. While these properties are thought to promote the maintenance of intraparen-sized the potential of neurons derived from the fetal pig brain (16, 22, 23) . In particular, porcine ventral mesence-chymatous allogeneic fetal neural cell grafts, the xenogeneic counterparts of these cells, when implanted into phalic neural cells (PNEU) derived from 25-28-day-old fetuses and implanted into the dopaminergic deafferen-the brain of immunocompetent hosts, are generally rejected (11, 39) . Rejection takes place several weeks after ted rat striatum extended tyrosine hydroxylase (TH)containing axons and reinstated, to some extent, the do-implantation and a large body of evidence points to-528 MARTIN ET AL.
wards a cumulative involvement of both humoral factors (Sigma-Aldrich) during 20 min at 37°C in HBSS. Reaction was stopped by the addition of FCS, 10% final. (3, 26) and cell-mediated mechanisms, with a prominent role for T lymphocytes (24, 27, 28, 38, 50) . Analyses of Tissues were gently washed in HBSS supplemented with DNase 0.01% and next dissociated with a Pasteur pipette cytokine gene expression indicated that PNEU xenografts are suddenly infiltrated by T lymphocytes with a (42) . After centrifugation, the cell pellet was resuspended in HBSS containing DNAse, at a concentration Th1 polarization, in a dramatic proinflammatory context (28, 48) . The fetal porcine mesencephalon is mainly com-of 2 × 10 5 cells/µl. Viability was assessed by eosin exclusion and was over 80%. posed of nonmature or committed neural cells. However, it also contains microglial and endothelial cells, which Surgical Procedure are more immunogenic cells and contribute to accelerating the rejection process (6, 7, 46, 47) . Brain-derived por-LEW 1A rats weighing about 250 g were obtained from Charles River (Rouen, France) and treated in com-cine microglial cells can express MHC class I and II antigens as well as the co-stimulatory signaling receptor, pliance with our institutional guidelines. Rats were anesthetized and received two injections of 1 µl of a cell B7, and can thus promote in vitro proliferation of human T cells (6, 7) . Likewise, activated porcine central endo-suspension adjusted at 2 × 10 5 cells/µl into the left striatum, according to an experimental procedure previously thelial cells express MHC class I and II antigens as well as the B7-2 receptor, thus displaying properties reminis-described (28, 42) . Stereotaxic coordinates of the two injection sites were: anterior +0.7 mm; lateral, −2.8 mm; cent of porcine aortic endothelial cells (PAEC) and also being able to trigger in vitro proliferation of human CD4 ventral, −5.4 and −5.0 mm (in relation to bregma and pial surface); incisor bar was set at −3.3 mm. Rats were and CD8 T lymphocytes (8, 25, 32, 45, 47) .
Previous studies have identified endothelial cells of sacrificed by CO 2 inhalation 1 h, and 1, 2, 3, and 4 weeks posttransplantation. The brains of animals trans-donor origin in various types of allografts and xenografts of neuronal tissue or cells (2, 19, 33) . In contrast to planted with endothelial cells or astrocytes were collected and frozen in isopentane at about −35°C and microglial cells (6, 7) , the presence of donor endothelial cells in fetal porcine mesencephalon grafts has not been subsequently stored at −80°C. Animals transplanted with PNEU were sacrificed at the same time points, but documented. In the present study, the occurrence of such cells was monitored by immunohistochemical methods, they were perfused with 100 ml saline and then with 250 ml 4% paraformaldehyde (PFA; Merck, Darmstadt, with a monoclonal antibody (mAb 1A3) that specifically recognizes swine β1 integrin and stains porcine kidney Germany) in phosphate-buffered saline (PBS) at 4°C. The brains from these animals were incubated for 24 h microvessels as well as PAEC cultured in vitro, or implanted into the rat brain (42) (43) (44) . We also used the in 15% sucrose followed by 48 h in 30% sucrose, and then stored at −80°C (28) . A group of four animals mAb 10-14, which binds to the porcine CD44 hyaluronate receptor and labels swine astrocytes and PAEC transplanted with PNEU received a daily immunosuppressive treatment of 10 mg/kg cyclosporin A dissolved (37) , and the mAb LCI-4, directed against the porcine cell adhesion molecule CD31 (PECAM-1; platelet endo-in olive oil (cramming) during 28 days, and they were sacrificed 45 days postimplantation. The brains were thelial cell adhesion molecule-1) (34), which is expressed by mature endothelial cells.
perfused and treated as above.
MATERIALS AND METHODS

Pig Tissue Preparation Cell Preparation
VM were collected from G28 pig embryos and frozen in isopentane as above. Pieces of forebrain from 70-PAEC were isolated from young pig aortas and rat cardiac endothelial cells (RCEC) from Lewis 1A hearts day-old (G70) fetuses were dipped in 4% PFA/PBS and then cryopreserved in 15% and 30% sucrose before as previously described (4, 8) . Cells were used from passages 2 to 5. Primary cultures of astrocytes from new-freezing. born rat or pig brains were established as described pre-Immunohistochemistry viously (35) . For transplantation, cells were detached and adjusted to a concentration of 1-2 × 10 5 cells/µl Fixed brains and tissues were sectioned at a thickness of 20 µm and mounted on gelatin-coated slides. Serial (42) . PNEU were obtained from 28-day-old pig embryos as described previously (28) . They were collected after sections of 14 µm were prepared from the unfixed brains and collected on silane-coated slides. The immunohisto-hysterectomy in Hank's balanced salt solution (HBSS; Sigma-Aldrich, Saint-Quentin-Fallavier, France). Ven-chemical procedure has been previously described in detail (28, 42) . Briefly, sections were first incubated with tral mesencephalon (VM) were dissected and placed in hibernation medium (15) for a maximum of 1 week. For the following primary mAbs: 1A3 (anti-swine β1 integrin, diluted 1:500; Bioatlantic, Nantes, France), 10-14 transplantation, pieces were exposed to 0.1% trypsin Saint Louis, MO, USA) and revealed as above. Dopaminergic neurons were revealed with an anti-TH antibody (Pel-Freeze, Rogers, AR, USA) diluted 1:200 with tive for CD31, although this may have been due to non-0.1% triton (Sigma-Aldrich) followed by a biotinylated specific staining of this latter mAb. None of the mAb anti-rabbit IgG (diluted 1:500; Jackson Immunoresearch cross-reacted with implanted rat astrocytes or endothe-Laboratory, West Grove, PA, USA) and again revealed lial cells, nor did they react with material present in the as above. Sections were counterstained with hematoxyhost brain parenchyma. The PAEC and porcine astrocyte lin, dehydrated in ethanol, dipped in xylene, and mounted grafts lost their expression of both β1 integrin and CD44 with Eukitt as previously described (42) .
concomitantly, approximately 2-3 weeks postimplanta-Fluorescent-Activated Cell Sorting (FACS) Analysis tion, in the presence of a recruitment of host macro-For the extracellular detection of β1 integrin, suspenphages (data not shown). sions of 1-2 × 10 5 cells/sample were incubated for 30
Detection of Endothelial Cells in the Fetal min with mAb 1A3 diluted 1:500 in PBS containing Mesencephalon of G28 Porcine Embryos 0.2% FCS. After two washes by centrifugation, cells were incubated for 30 min with FITC-conjugated affini-Sections of ventral mesencephalon were dissected pure F(ab′)2 goat anti-mouse IgG + IgM (H+L) (Immufrom G28 porcine embryos. In the substantia nigra comnotech, Marseille, France) diluted 1:200 in PBS/2% pacta, TH immunoreactivity was intense ( Fig. 1A) and FCS/0.1% saponin. After two further washes, cells were the neuronal marker TuJ showed widespread expression resuspended in 200 µl PFA 2%. They were analyzed (not shown). β1 Integrin staining revealed a few scatwith a FACScalibur cytofluorimeter (Becton-Dickinson, tered cells on a layer of negative, or very poorly immu-Mountain View, CA, USA), using the Cellquest Pro noreactive neuroblasts. These β1-positive cells were eisoftware. For the intracellular staining, cells were first ther single or clustered into small groups and some fixed in 4% PFA for 20 min and washed twice by cendisplayed the typical elongated, tubular morphology of trifugation in PBS containing 0.2% FCS and 0.1% azide, endothelial cells ( Fig. 1B) . Consistent with this, a simiand next incubated in PBS containing 0.2% FCS and lar pattern of immunoreactive cells was observed with 0.5% saponin for 30 min. After two washes in PBS with the anti-CD31 mAb and with the isolectin IB4 ( Fig. 1C  0 .2% FCS and 0.1% azide, they were exposed to the and D). In contrast, staining with mAb 10-14 was nega-mAb as above.
tive.
RESULTS
Analyses of Forebrain Sections of G70 Porcine Fetuses PAEC Grafts Express β1 Integrin, CD31, and CD44
To further investigate the characteristics of brain en-Following Implantation dothelial cells, sections obtained from the forebrain of G70 fetuses were analyzed with the same mAbs. The In order to verify the in vivo specificity of the mAb directed against the porcine adhesion molecules β1 inte-results confirmed that the anti-β1 integrin mAb stained microvascular endothelial cells ( Fig. 2A) with a pattern grin, CD44, and CD31, exponentially growing PAEC and rat cardiac endothelial cells were harvested and comparable to that obtained with the isolectin IB4 ( Fig.  2B ). At this stage, some glial-like cells, scattered over a grafted into the striatum of LEW 1A rats. Similarly, astrocytes from newborn pig and rat brains were grafted more diffuse background and prominent in the white matter, were revealed with the anti-CD44 mAb (Fig.  in parallel. The results of the immunostainings with the various antibodies are summarized in Table 1 . PAEC 2C). A faint labeling of some capillaries was also noticeable ( Fig. 2D) . Staining with the anti-CD31 mAb was were recognized by all three antibodies. Pig astrocytes, on the other hand, expressed β1 integrin as well as negative, although we could not exclude the possibility that this was due to a technical problem (prolonged ex-CD44 but only a few cells within the grafts were posi- posure of the tissue sample to PFA). Taken together, cate that approximately 13% of the cells were β1 integrin positive, and this proportion increased to up to 80% these data indicate that detection of β1 integrin with the mAb 1A3 constitutes an efficient method to monitor the upon permeabilization. In contrast, cells were negative (<1%) for CD44 and CD31. presence of fetal pig endothelial cells.
The β1 integrin immunoreactivity of PNEU grafts, Expression of β1 Integrin in Ventral Mesencephalic which appeared as patches of positive cells soon after Neural Cell Grafts transplantation, became more regular after 1 week, then gradually decreased in intensity, becoming weak after 3 Labeling of PNEU grafts derived from G28 porcine mesencephalic tissue with the anti-β1 integrin mAb re-weeks ( Fig. 3B and C) . In contrast, cells with a tubular shape typical of vascular endothelium were found in the vealed a marked but irregular immunoreactivity on most cells as early as 1 h postimplantation (Fig. 3A) . This grafts from 1 to 3 weeks postimplantation (Fig. 3D ). The isolectin IB4 revealed similar structures (Fig. 3E) . In result contrasted with the weak background staining observed on pieces of G28 mesencephalon with the same contrast, CD44-immunoreactivity, as measured with the mAb 10-14, was negative or remained diffuse without mAb (see Fig. 1B ). This suggests the unmasking of the β1 integrin epitope on the grafted cells. To confirm this any well-organized structure. Likewise, the anti-CD31 mAb did not stain any cell within the grafts, at all time observation, preparations of freshly dissociated cells from pieces of G28 ventral mesencephalon were ana-points investigated (data not shown). Staining with cresyl violet revealed an intense pro-lyzed by FACS. The results, presented in Figure 4 , indi- β1 INTEGRIN IN INTRACEREBRAL XENOGRAFTS   531   5A) . Similarly, capillaries stained positive with the isolectin IB4 (Fig. 5B ). However, none of these tubular cells stained positive for CD44 (not shown) or CD31. In contrast to earlier time points, the anti-CD44 mAb evidenced few cells with an astrocytic-like morphology (not shown).
DISCUSSION
Using the mAb 1A3, which recognizes an amino acid sequence present within the porcine β1 integrin (44), tubular cells with a typical morphology of endothelial cells were detected in G28 fetal porcine mesencephalon. Comparable tubular-like cells were also revealed using the mAb LCI-4, which targets the porcine CD31 adhesion molecule, as well as with the isolectin IB4, which binds to the Galα1,3Gal epitope. These observations support the endothelial nature of the labeled cells. Endothelial cells present in G28 fetal mesencephalon differed from PAEC by their lack of reactivity with the anti-CD44 mAb. However, this observation does not imply that porcine brain fetal endothelial cells fail to express the CD44 receptor, because it has been argued that exon splicing during the processing of the CD44 transcripts, or posttranslational modifications of the protein, could delete or mask the epitope (37) . At a later developmental stage (G70), the endothelial-like cells were positive for β1 integrin and the Galα1,3Gal epitope, while CD44 staining of microvessels with the 10-14 mAb was much weaker. Although this mAb has been reported to stain porcine astrocytes (23,37), our data suggest that it may also detect CD44 molecules present on endothelial cells in G70 fetal brain. However, we cannot exclude the pos- possibly because of the particular fixation technique necessary for preserving brain tissue. Taken together, these data indicate that the detection of β1 integrin with cess of infiltration, with a remodeling of the blood vessels in an animal sacrificed 4 weeks postimplantation the mAb 1A3 provides an efficient way to visualize fetal pig brain endothelial cells. (Fig. 3F ). In this graft, which was subjected to a rejection process, the β1 integrin immunoreactivity of tubular When used on PNEU grafts, the anti-β1 integrin and isolectin IB4 mAbs identified cells with a tubular mor-endothelial-like cells appeared much fainter than at earlier time points (Fig. 3G) . However, the anti-β1 integrin phology typical of endothelial cells after a delay of approximately 1-2 weeks. While found frequently, this antibody also labeled some material located in the lumen of large vessels present in the xenograft (Fig. 3H) . By type of cell was not detected in all grafts, in agreement with data in the literature concerning the vascularization contrast, staining with the anti-CD44 or CD31 mAb remained negative (data not shown).
of neuronal allografts by donor endothelial cells (2) . The endothelial-like cells detected in the porcine neuronal In order to further determine the fate of the porcine β1 integrin-positive cells within the grafts, some animals grafts were negative for both CD44 and CD31, thus differing from the endothelial cells detected in the G28 were treated daily with cyclosporine A (CsA) for 4 weeks to delay rejection. When analyzed 45 days post-ventral mesencephalons, which express the CD31 adhesion molecule. Such a lack of expression of the CD31 transplantation, most grafts contained tubular-like cells intensely expressing β1 integrin immunoreactivity ( Fig. epitope during neovascularization has been reported pre- viously, for instance in tumors, and has been ascribed to tially increased after tissue dissociation, as shown by FACS analysis. Occurrence of a positive signal required a lack of cell maturity (21, 36) . In order to delay graft rejection and thus favor the maturation of pig intragraft the permeabilization of the cells, a fact which suggests that at this stage, the epitope has an intracellular local-endothelial cells, graft recipients were treated with CsA. This, however, did not modify the staining properties of ization. A strong positive signal remained detectable after implantation, as shown by immunohistochemcal these cells. In 45-day-old xenografts, tubular cells were only observed with the anti-β1 integrin mAb 1A3. At analyzes performed as soon as 1 h following transplantation. However, the signal intensity declined during the this time point, the mAb 10-14 detected stellar cells that were not observed at earlier time points, which are most next weeks. β1 Integrin transcripts have been reported to be enhanced several hours following seizure in the rat probably astrocytes (23, 37) . In contrast, staining of CD31 and CD44 remained negative, suggesting that these en-brain (41). However, the fact that all of the steps involved in the dissociation/transplantation procedure were dothelial cells failed to mature, possibly because they have not yet formed functional capillaries with host cells. performed at a low temperature suggests an unmasking of the epitope recognized by mAb 1A3 by some post-It would be interesting, in this respect, to determine to with which α subunits β1 integrin is associated and translational mechanism, rather than a de novo synthesis. The transient expression of β1 integrin may be re-whether it promotes binding to laminin or fibronectin, which are two matrix components involved in the angio-lated to the fact that this molecule is involved in the process of neuron migration or sorting (13) and the genesis of the developing brain (30) . It has been suggested that activated porcine endothelial cells may serve transduction of survival signals through the PI3, Akt, or integrin-linked kinases (17, 18, 29) . The rapid expression to trigger or accelerate the rejection process, because of their ability to express MHC antigens and co-stimulatory of β1 integrin immunoreactivity that we observed probably occurred as part of a rescue mechanism, possibly effectors such as the B7 receptor. This was recently supported by data showing that brain endothelial cells ex-provoked by the loss of target matrix macromolecules during the dissociation process. Disruption of the inte-tracted from G26-27 embryos can promote the proliferation of human T lymphocytes in vitro (47). However, grin-extracellular matrix interaction may lead to cell apoptosis (14). It is well known that dissociation of the there are no convincing data suggesting that β1 integrinexpressing endothelial-like cells are a primary target of fetal brain is accompanied by a massive cell loss, which takes place during in vitro processing as well as during the rejection process in vivo, as they remained detectable in heavily infiltrated grafts, even as parts of en-the first days following their transplantation (12,42). The death of freshly implanted neurons probably constitutes larged vessels.
Apart from the endothelial-like cells, β1 integrin ex-a source of xenoantigens, such as pig β1 integrin, which may be drained towards peripheral lymphoid organs, pression was barely detectable or absent in the sections of G28 mesencephalon. Immunoreactivity was substan-such as the deep cervical lymph nodes (5,9,10,49), 
